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Summary 

A test was conducted in the Langley 14- by 22- 
Foot Subsonic Tunnel to determine the effect of the 
reverse-thrust flow field of a wing-mounted advanced 
ducted propeller on the aerodynamic characteristics 
of a semispan subsonic high-lift, transport model 
(TM). The advanced ducted propeller (ADP) model 
was mounted separately in position alongside the 
wing so that only the aerodynamic interference of 
the propeller and nacelle affected the aerodynamic 
performance of the transport, model. Test. Mach 
numbers ranged from 0.14 to 0.26; corresponding 
Reynolds numbers ranged from 2.2 to 3.9 X 10 6 . The 
primary effect, of the ADP on the transport, model 
was reduced lift, and drag and was caused by the 
reverse-thrust, flow field of the ADP, which shielded 
a portion of the wing from the free-stream airflow. 
The reduction in lift, and drag was a function of ADP 
rotational speed and free-stream velocity. 

A vertical ground plane (GP) was installed to 
determine the ground effect, on the transport, model 
and ADP Configuration. Test, data indicated that 
the ground plane caused a beneficial increase in drag 
and an undesirable slight, increase in lift.. The ADP 
and transport, model performance in ground effect 
was similar to performance trends observed for out. 
of ground effect. 

The test, results form a comprehensive data set. 
that supports the application of the ADP engine and 
airplane concept, on the next, generation of advanced 
subsonic transports. Before this investigation, the 
engine concept, was predicted to have detrimental 
ground effect, characteristics. Ground effect, test, 
measurements indicated no critical problems and 
were the first, step in proving the viability of this 
engine and airplane configuration. 

Introduction 

Recent, research and development, programs of 
U.S. airplane and engine manufacturers have fo- 
cused on the application of large-diameter advanced 
ducted propellers (ADP’s) on the next, generation 
of subsonic transports. The ADP’s have signifi- 
cantly greater bypass ratios than conventional turbo- 
fan engines and better performance characteristics. 
(See refs. 1-3.) However, the large diameter of an 
ADP presents a challenge for achieving an aero- 
dynamically efficient, wing-mounted configuration; 
ground clearance requirements reduce the space be- 
tween the engine nacelle and the wing, which makes 
physical integration of the engine and wing more dif- 
ficult.. The aerodynamic interference between the en- 
gine and airframe is of concern because of the large. 


engine diameter in relation to the local wing Chord, 
particularly at the outboard engine location on a 
four-engined airplane. 

Engines are often used to provide reverse thrust, 
to assist, airplane deceleration after touchdown. Con- 
ventional turbofan engines obtain reverse thrust, by 
deflecting the exhaust, forward through the use of cas- 
cade deflectors or buckets. The reverse-thrust, mech- 
anisms of the engines can be designed to minimize 
the detrimental effects of exhaust, flow on wing aero- 
dynamics and engine performance and to compen- 
sate for ground effects. However, the ADP operates 
in a manner similar to a conventional propeller by 
utilizing blade pitch angle changes to achieve reverse- 
thrust. capability. As developed to date, the ADP has 
no other mechanism for directing the reverse-thrust, 
flow. Therefore, determination of the ADP reverse- 
thrust. flow field interaction with the wing and air- 
frame is important, to the development, of the ADP 
as a viable engine for subsonic transports. 

An investigation was conducted in the Langley 
14- by 22-Foot. Subsonic Tunnel (ref. 4) to determine 
the effect, of the reverse-thrust, flow field of a wing- 
mounted ADP on the aerodynamic performance of a 
commercial transport.. The test, setup consisted of a 
large 10.5-ft semispan subsonic transport, model and 
17-in-diameter ADP simulator. The configuration 
was tested both in and out. of ground effect. 

Symbols 

Longitudinal forces and moments presented in 
this report, are related to the stability axis system. 
All moment, data are referred to the moment, refer- 
ence center on the model centerline, located longitu- 
dinally at 0.25c. 

All measurements and calculations were made in 
U.S. Customary System of Units. 

C'n drag coefficient., Dla f 

loo 

Ct lift, coefficient., 

yoo^ 

C m pitching moment, coefficient, about. 0.25c, 

Pitching moment 

qooSc 

C„ pressure coefficient., p Ps '°° 

1 Qoo 

C P: gp ground plane pressure coefficient., 

Ps gp~Ps , CO 

Qoo 

c wing mean aerodynamic chord, 27.44 in. 

c a f local aft flap chord to nondimensionalize 

pressure tap locations, in. 



c m f local main flap chord to non- 
dimensionalize pressure tap 
locations, in. 

c s local slat chord to nondimensionalize 
pressure tap locations, in. 

c w local cruise wing chord to non- 
dimensionalize pressure tap 
locations, in. 

L/D lift-drag ratio, ^ 

Mqo free-stream Mach number 

n boundary layer rake total pressure probe 

number (n — 1,2,3,..., 52) 

p wing pressure, psf 

Patm atmospheric reference pressure, psf 

Ps,gp ground plane static pressure, psf 

p s ,oo free-stream static pressure, psf 

Pi^ n boundary layer rake total pressure, psf 

2 g P effective dynamic pressure to calculate 

ground plane velocity, psf 

qi reference dynamic pressure to charac- 
terize flow conditions with ground plane 
installed, psf 

q 0 o free-stream dynamic pressure, psf 

R Reynolds number based on wing mean 

aerodynamic chord 

S semispan wing reference area, 23.075 ft 2 

■s distance of pressure tap from ground 

plane leading edge, in. 

T temperature, °F 

Wg P velocity from ground plane pres- 

sure, ft /sec 

u n velocity from boundary layer rake pres- 
sure, ft /sec 

u qi velocity determined from q\ dynamic 

pressure, ft/sec 

Woo free-stream velocity, ft/sec 

x chord station of pressure tap relative to 

leading edge, in. 

z height of boundary layer rake pressure 

probe above tunnel floor, in. 

a angle of attack, deg 


Padp 

ADP blade pitch angle, deg 

A 

incremental value 

^waU 

wall flap deflection angle, deg 

T] 

nondimensional semispan station 

P 

free-stream density, slugs/ft 3 

Abbreviations: 

ADP 

advanced ducted propeller 

AF 

axial force 

BL 

boundary layer 

GP 

ground plane 

NF 

normal force 

PM 

pitching moment 

RM 

rolling moment 

SF 

side force 

TM 

transport model 

YM 

yawing moment 


Model Description 

The test airplane was a semispan low-wing, wide- 
body commercial transport model which simulated 
the entire port side. A sketch of the transport model 
and wing planforms is presented in figure 1. The wing 
was tested in both cruise and high-lift planforms. 
The high-lift wing incorporated a full-span, leading- 
edge slat and a partial-span, double-slotted trailing- 
edge flap system. The wing had chordwise rows of 
pressure taps at three different span stations. On 
the slat, pressure taps were located in line normal 
to the leading edge; on the wing, pressure taps were 
also located in line normal to the leading edge up 
to 0.15c«, and then in line in the streamwise direction 
aft. Pressure taps on the flap elements were also 
located in line in the streamwise direction. Pressure 
taps were concentrated near the leading edge of each 
wing component and were not necessarily distributed 
to the trailing edge. 

Photographs of the semispan transport model in- 
stalled in the Langley 14- by 22-Foot Subsonic Tun- 
nel are presented in figure 2. The transport model 
was mounted so that the plane of the model center- 
line was nominally 0.5 in. above the tunnel floor. 
The vertical tail had an upper fairing designed for 
mounting a T-tail horizontal stabilizer (fig. 2(d)); 
the horizontal stabilizer was not installed during any 
of the tests. Initial tests of the cruise wing config- 
uration were conducted with the vertical tail and 
a simulated aft fuselage-mounted engine and pylon 
installed on the model. All of these components 
were subsequently removed during the tests with the 
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high-lift wing configuration because of balance load 
limitations . 

An ADP model with a 17-in-diameter propeller 
disk was installed in a simulated wing-mounted con- 
figuration for powered operation; the ADP model was 
tested only with the transport model and the high-lift, 
wing planform. Figure 3 shows the advanced ducted 
propeller model and support, stand. The ADP was 
coupled to a 1350-hp air turbine that was powered 
by the facility high-pressure air system. The ADP 
model contained two balances: one that measured 
thrust, and torque loads on the propeller disk and 
the other that measured nacelle drag. The ADP bal- 
ance measurements are not. included in the report.. 
The ADP model and air turbine were supported by 
a vertical floor-mounted, cylindrical column with a 
streamlined top adapter and horizontal strut.. (See 
fig. 3.) High-pressure air was supplied through the 
streamlined adapter and strut, to the air turbine and 
exhausted from the aft end into the test, section. 

The aft portion of the simulated engine pylon 
was cantilevered from the ADP centerbody with no 
structural contact with the wing. A nonfouling foam 
insert, was cut. to match the cross-sectional contour 
of the pylon and to seal the small gap between 
the end of the pylon and the lower surface of the 
wing. (See details in fig. 3(b).) This mounting 
technique resulted in the capability of measuring 
only the aerodynamic interference of the ADP on the 
transport, model. 

The longitudinal location of the ADP nacelle exit, 
was in line with the cruise wing leading edge at the 
semispan station i] — 0.387. The ADP was tested 
at two waterline locations without, the ground plane 
installed. The gap between the lower surface of the 
slat and the ADP nacelle was used to locate the ADP 
position relative to the wing. (See fig. 3(b).) The 
slat-to-nacelle gap was 2.75 in. for one waterline and 
0.38 in. for the other. 

A sketch of the TM and ADP configuration is 
shown in figure 4; several photographs of the setup 
are presented in figure 5. A small vertical streamlined 
strut, was attached to the air turbine and acted as a 
damper to minimize structural vibrations of the ADP 
during powered operation. 

The ADP blades can be operated at various pitch 
angles to simulate forward and reverse thrust, condi- 
tions. Only the reverse thrust, performance of the 
ADP at two blade angles was investigated; the nom- 
inal blade angle of /^adp — 98.25° and an alternate 
blade angle of /^adp — 95° were evaluated. 

Ground effect conditions were simulated by in- 
stalling a ground plane (vertical wall) 3.5 in. (0.18 na- 


celle diameter) from the bottom of the ADP nacelle. 
(See figs. 6 and 7.) The ground plane had a rounded 
leading edge to make it. insensitive to potential mis- 
alignment. with the free-stream flow. A large ad- 
justable flap was attached to the tunnel wall oppo- 
site the downstream edge of the ground plane. The 
wall flap was manually set. at various deflection angles 
and provided control of free-stream velocity when the 
ground plane was installed. The appendix describes 
the ground plane test, technique and how the wall flap 
was used as a. flow control device. 

Tests and Corrections 

The investigation was conducted in the Langley 
14- by 22-Foot. Subsonic Tunnel, which has a test, sec- 
tion 14.50 ft. high by 21.75 ft. wide by 50.00 ft. long. 
The investigation was conducted at free-stream dy- 
namic pressures of 30 to 100 psf, equivalent. Mach 
numbers of 0.14 to 0.26, respectively, and correspond- 
ing Reynolds numbers of 2.2 to 3.8 X 10 6 based on the 
wing mean aerodynamic chord. The isolated trans- 
port. model test, angles of attack ranged from —4° 
to 20° with the cruise wing and from —4° to 32° with 
the high-lift. wing. No boundary layer transition grit, 
was used during the tests discussed in this report.. 

During tests of the isolated transport, model, tun- 
nel conditions and test, data were based on free- 
stream dynamic pressures. However, during tests 
with the ADP installed, tunnel conditions and test, 
data were based on free-stream velocities in knots. 

Aerodynamic forces and moments on the trans- 
port. model were measured with a six-component, 
strain gauge balance* located beneath the tunnel 
floor. The balance characteristics and accuracies 
are summarized in table I. Although all six balance 
components were measured during the investigation, 
model side force and yawing moment, measurements 
were meaningless because of the nature of the semi- 
span test, setup; side force, yawing moment., and 
rolling moment, data have been excluded from the 
report.. 

Model angle of attack was set. by the yaw drive 
of the model support, system and was measured by a 
curvilinear transducer attached to the turntable; the 
data acquisition and analysis system converted the 
yaw angle to model angle of attack. 

Pressure measurements were obtained with an 
electronically scanned pressure system. This system 
was capable of on-line calibration, which was done 
frequently to maintain a high degree of accuracy. 

Wing, body, and wake tunnel blockage correc- 
tions were determined according to the methods of 
reference 5. The blockage corrections were used to 
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Table I. Balaiice-to-Model Component Orientation and Balance Load Characteristic Effects 
on Aerodynamic Coefficient Accuracy 


Balance 

component 

Model 

component 

Full-scale 
load, lb, or 
moment., in-lb 

Accuracy, 

percent. 

Accuracy of 
load, lb, or 
moment., in-lb 

Coefficient, accuracy at. 
o = 0° for — 

= 30 psf 

geo = 50 psf 

geo = 100 psf 

NF 

-NF 

5000 

0.5 

±25 

±0.0361 

±0.0217 

±0.0108 

AF a 

SF a 

3500 

2.0 

±70 

±0.1011 

±0.0607 

±0.0303 

PM a 

— RM a 

400 000 

0.5 

±2000 

±0.0229 

±0.0137 

±0.0069 

RM 

-PM 

150 000 

0.5 

±750 

±0.0395 

±0.0237 

±0.0119 

YM a 

— YM a 

60 000 

0.5 

±300 

±0.0034 

±0.0020 

±0.0010 

SF 

AF 

1500 

0.5 

±7.5 

±0.0108 

±0.0065 

±0.0033 


a C'omponent data not included in results. 


calculate the corrected free-stream dynamic pressure. 
No additional corrections were made to account for 
solid shape or flow field tunnel blockage by the ADP 
or ground plane. Tunnel wall interference corrections 
were applied to the data using the techniques of ref- 
erence 6. No corrections were made to the data for 
tunnel buoyancy or flow angularity. 

Results 

Transport model longitudinal aerodynamic char- 
acteristics ( i.e. , lift, drag, and pitching moment co- 
efficients) and wing pressure distributions are pre- 
sented for various test conditions. Pitching moment 
data are presented for completeness but are not dis- 
cussed in detail because no airplane horizontal sta- 
bilizer was installed during the investigation. The 
lift and drag data are untrimmed due to the absence 
of the horizontal stabilizer. The focus of this inves- 
tigation was to simulate thf airplane operating in 
reverse thrust in ground effect. In reality, the air- 
plane would be decelerating to a stop on the runway, 
where lift and drag are of primary concern and pitch- 
ing moment less important. For ADP interference 
and ground effect analysis, transport model pitching 
moment data are not presented. 

Discussion of results will follow the general out- 
line shown in table II. 

Isolated Transport Model Characteristics 

Effect of tunnel airspeed. The Langley 14- 
by 22-Foot. Subsonic Tunnel is an atmospheric wind 
tunnel which does not. have the capability to inde- 
pendently vary dynamic pressure q iyz ,, Reynolds num- 
ber R, and Mach number M (>0 . Therefore, an in- 
crease or decrease in any one of these parameters 
results in a corresponding increase or decrease in the 
other two. For this investigation, an increase in q iyi , 


from 30 to 100 psf resulted in an equivalent. M r>0 of 
0.14 and 0.26, respectively, and a corresponding R 
of 2.2 and 3.9 Xl0 6 . These relationships are pre- 
sented graphically in figure 8(a). During tests with 
the ADP, the free-stream velocity in knots was used 
to set. tunnel conditions. Figure 8(b) shows the re- 
lationship between free-stream velocity and dynamic 
pressure. A, comparison is made of two ambient, con- 
ditions which represent, the greatest, variation in tem- 
peratures recorded during the ADP tests. 

Figure 9 presents the effect, of the variation in 
dynamic pressure and corresponding Reynolds and 
Mach numbers on model aerodynamic character- 
istics of the isolated transport, model with cruise 
and high-lift, wings. The cruisf wing configuration 
(fig. 9(a)) included installation of the vertical tail and 
aft. fuselage-mounted engine nacelle. These compo- 
nents were removed for the high-lift, wing configura- 
tion (fig. 9(b)) and all subsequent, tests. The tunnel 
floor boundary layer suction system was off for the 
data presented in figure 9. 

The only significant, variation in model aero- 
dynamic performance occurred near the stall condi- 
tion. Note that a similar cruise wing stall angle of 
attack (a ss 14°) resulted at both the lowest, and 
highest, velocities; the stall angles of attack were ap- 
proximately 1° greater for intermediate velocities. 
The high-lift, wing stall angle of attack decreased pro- 
gressively as tunnel airspeed was increased. 

In general, tunnel airspeed had little or no effect, 
on the data for low angles of attack (a — ±2°). 
Note that data comparisons are presented later in 
this report, for the ADP installation and ground effect, 
tests performed at a — ±2°. Free-stream velocities 
were not. matched exactly for the configurations in 
those comparisons; however, the transport, model 
aerodynamic coefficients were insensitive to changes 
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Table II. Topics Discussed in “Results’ 


Model configuration and test parameter 

Force and 
moment, 
figure number 

Wing pressure 
distributions, 
figure number 

Isolated transport model with cruise wing (vertical tail and aft fuselag^mounted engine nacelle installed) 

Effect of tunnel airspeed 

9(a) 

10 

Effect of angle of attack on wing pressure distributions 


12 

Isolated transport model with high-lift wing (vertical tail and aft fuselage-mounted engine nacelle removed) 

Effect of tunnel airspeed 

9(b) 

11 

Effect of angle of attack on wing pressure distributions 


13 

Effect of tunnel airspeed on tunnel floor BL thickness 



BL suction off, figure 14(a) 



BL suction on, figure 14(b) 



Effect of transport model angle of attack on tunnel floor boundary 
layer thickness 



BL suction on, figure 15 



Effect of reduction in tunnel floor boundary layer thickness 

16 

17-18 

Transport model with high-lift wing and ADP 

Effect of windmilling ADP on transport model 

19 

20 

Effect of powered ADP on transport model 

21 

23-24 

Effect of ADP waterline location on transport model 

22 


Effect of angle of attack (ADP speed fa 8900 rpm) 

25 


Transport model with high-lift wing, ADP, and ground plane installed 

Effect of ground plane on transport model for windmilling ADP 

26 


Effect of ground plane on transport model for powered ADP 

27 

28 

Effect of powered ADP and tunnel airspeed on transport model 

29 

30-31 

Effect of ADP blade angle on transport model 

32 



in free-stream velocity at the angles of attack used 
for the ADP installation tests. 

The effect of tunnel airspeed on wing pressure 
distributions is presented in figures 10 and 11 for the 
cruise and high-lift wings, respectively. Pressure tap 
locations on the main wing were nondimensionalized 
with the local cruise wing chord c w . The local 
chords for the slat c s , main flap c m f, and aft flap 
c a f were used to nondimensionalize their respective 
pressure tap locations. Wing pressure distributions 
are presented for several angles of attack in the 
attached flow region (cruise wing a — 0°, 4°, 8°, 
and 12°; high-lift wing a — 0°, 8°, and 16°), one 
angle near maximum lift (cruise wing a — 14°; high- 
lift wing a — 22°), and one angle greater than 
maximum lift (cruise wing a — 16°; high-lift wing 
a — 26°). In general, tunnel airspeed variations 
had no significant effects on pressure distributions for 
either wing configuration at angles of attack below 
stall. 

Wing pressure distributions at selected angles of 
attack for each test dynamic pressure are presented 


in figures 12 and 13 for the cruise and high-lift 
wings, respectively. The cruise wing indicated the 
typical localized peak pressure coefficient C p near the 
leading edge with gradual pressure recovery farther 
along the upper surface. The pressure coefficient 
became increasingly more negative with increased 
angles of attack up to stall; as expected, wing loading 
decreased at angles greater than the stall angle of 
attack. The inboard semispan station rj — 0.285 
had greater wing pressure load than the other two 
semispan stations rj — 0.646 and 0.854. 

Pressure distributions on the high-lift main wing 
and slat configuration indicated an increased wing 
load with increased angle of attack. The leading-edge 
localized peak pressure coefficients on the main wing 
were mitigated by the presence of the slat. The main 
flap load decreased with increased angle of attack; 
the aft flap load did not change significantly. 

Effect of tunnel floor boundary layer 
removal. The thickness of the tunnel floor boundary 
layer (BL) was important to the semispan transport 
model test. Flow along the surface of the fuselage 
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can be affected by an excessively thick tunnel floor 
boundary layer. Therefore, the tunnel floor bound- 
ary layer thickness with and without the boundary 
layer suction system on was measured and the effect 
on transport model aerodynamic characteristics was 
assessed. Boundary layer data are presented only for 
the ADP and high-lift wing configuration. 

Tunnel floor boundary layer thickness was mea- 
sured with a total pressure rake at all test airspeeds. 
The rake was located at the longitudinal station of 
the fuselage nose, which was approximately 1.7 ft 
downstream of the suction system. The rake was 
also positioned 7.7 ft laterally away from the model 
to minimize flow interference. (See figs. 1 and 2(a).) 

Total pressure measurements obtained with the 
boundary layer rake were used to calculate velocity 
ratios from the relationship 


Un 

^OO 



{n = 1,2,3,..., 52) 


where n is the total pressure probe location number. 
Free-stream tunnel parameters were used to non- 
dimensionalize rake measurements. 

As presented in figure 14, the boundary layer 
thickness defined at iin/u^ — 0.99 was approxi- 
mately 7 in. with the boundary layer suction system 
off. ThI boundary layer thickness was reduced to 
approximately 1 in. with the boundary layer suction 
system on. No attempt was made to measure the 
growth of the tunnel floor boundary layer along the 
full length of the fuselage. Changes in model angle 
of attack had essentially no effect on the tunnel floor 
boundary layer thickness as indicated in figure 15. 

The effect of the reduction in boundary layer 
thickness on the transport model and high-lift wing 
configuration is presented in figure 16. An un- 
explainable reduction in lift and an incremental nose- 
up pitching moment resulted when the tunnel bound- 
ary layer suction system was turned on. The lift 
reduction occurred mainly in the intermediate range 
of angle of attack with less effect at low and stall 
angles. Drag was essentially unaffected. 

Pressure distributions with the tunnel boundary 
layer suction system both off and on are presented 
in figures 17 and 18 for the lowest and highest tun- 
nel airspeeds at q iyz , — 30 and 70 psf, respectively. 
Th#? reduction in tunnel floor boundary layer thick- 
ness had no effect on wing pressures for the test at 
q iyi , —70 psf and only a slight effect for the test at 
q. x. = 30 psf. 


Engine and Ground Plane Effects 

The remainder of this report discusses the ADP 
and ground plane effect on the transport model 
aerodynamic characteristics. The isolated transport 
model high-lift wing configuration is used as a base- 
line reference. 

Effect of ADP. The ADP was installed in close 
proximity to the high-lift, wing of the semispan trans- 
port. model to simulate a wing-mounted engine in- 
stallation. (See figs. 4 and 5.) The gap between 
the lower surface of the slat and the ADP nacelle 
was 2.75 in. For the ADP installation tests, tun- 
nel conditions were based on free-stream velocity in 
knots. All remaining data presented in this report, 
will use velocity in knots to identify free-stream flow. 
In nearly all tests with the ADP installed, the trans- 
port. model was operated at a geometric inclination 
of 0° to the free-stream flow. The exceptions were 
two tests at a ss ±2° to determine sensitivity to an- 
gle of attack. Although the geometric angle of the 
model was fixed, the actual aerodynamic angle of at- 
tack differed slightly because of corrections for wind 
tunnel wall effect. 

Figure 19 presents the’ effect, of a windmilling 
ADP on the transport, model lift, coefficient., drag co- 
efficient., and lift-drag ratio data Cff, Cff, and L/D , 
respectively, when plotted versus free-stream veloc- 
ity in knots. The windmilling ADP had no effect, on 
the lift, coefficient, and only slightly reduced the drag 
coefficient, which increased the lift-drag ratio. As pre- 
viously discussed, the ADP was mounted separately 
and thus, any effects on the transport, model were 
due exclusively to aerodynamic interference. 

The windmilling ADP effect, on wing pressure 
distributions is presented in figure 20. The effect, 
was negligible; measurable pressure differences were 
noted only on the wing upper surface. 

The ADP significantly affected the transport, 
model aerodynamic coefficients when powered in re- 
verse thrust.. The results are presented in figure 21 
for three ADP rotational speeds and a slat-to-nacelle 
gap of 0.38 in. Two trends are noteworthy in fig- 
ure 21: (1) as the free-stream velocity increased, the 
effect, on transport, model aerodynamic coefficients 
decreased ( i.e. , the Cff, Cff, and L/D values for the 
powered ADP tests approached isolated transport, 
model values) and (2) for a given free-stream velocity, 
increased ADP rotational speed increased the effect, 
on transport, model aerodynamic characteristics. The 
primary cause of these effects on the transport, model 
was almost, assuredly the reverse-thrust, flow held de- 
veloped by the ADP which blocked the free-stream 
how from a portion of the wing. 
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Previous unpublished test results have shown 
that an isolated ADP when operating in reverse 
thrust will generate a relatively large donut-shaped 
how held. The size of the reverse-thrust how held is 
a function of ADP rotational speed and free-stream 
velocity. As the ADP rotational speed increases , the 
size of the reverse-thrust how held increases for a con- 
stant free-stream velocity. Conversely, for a constant 
ADP rotational speed, the size of the reverse-thrust 
how held decreases as free-stream velocity increases. 
The reverse-thrust how held ceases when the ADP 
blades stall. Blade stall occurs when either the ADP 
rotational speed decreases (for a constant free-stream 
velocity) or free-stream velocity increases (for a con- 
stant ADP rotational speed) to where reverse thrust 
is no longer achieved. Reverse thrust is determined 
by ADP balance measurements and how held obser- 
vations. Thf 'parameters which control reverse-thrust, 
how held characteristics are evident, in figure 21. For 
high ADP rotational speeds and low free-stream ve- 
locities, i lie large reverse-thrust, how held bloc ked 
the free-stream how from a large portion of the wing 
which significantly affected wing aerodynamic perfor- 
mance. At. high free-stream velocities, ADP effects 
on wing aerodynamic performance were minimized. 

The only wing pressure distribution data avail- 
able are for the TM and ADP configuration with the 
slat.-t.o-nacelle gap of 2.75 in. The effect, of a change 
in the slat.-t.o-nacelle gap on wing aerodynamic per- 
formance is presented in figure 22. Lift, and drag data 
for the two ADP waterline locations (slat.-t.o-nacelle 
gaps of 2.75 in. and 0.38 in.) were in close agree- 
ment. below t/ r>0 = 120 knots. Based on these results, 
wing pressure distributions for the 2.75-in. gap near 
u iy ~, — 100 knots are probably representative for the 
0.38-in. gap. 

The effect, of powered ADP reverse thrust, on wing 
pressures for the TM and ADP configuration with 
a slat.-t.o-nacelle gap of 2.75 in. is presented in fig- 
ures 23 and 24. Figure 23 shows the powered ADP 
effect, relative to the isolated transport, model. Wing 
upper surface pressure coefficients were dramatically 
reduced in magnitude by the powered ADP at ss 
90 knots. The outboard wing station was less affected 
than the two inboard stations. Again, the pressure 
distributions (fig. 23(a)) can be assumed to be repre- 
sentative of both ADP waterline locations. At. t/ (>0 ss 
120 knots, the effect, on wing pressures was not. as 
large, which was expected based on the data pre- 
sented in figure 22. The data at t/ (>0 ss 120 knots 
(slat.-t.o-nacelle gap of 2.75 in.) in figure 22 deviate 
significantly from the data at lower U.K.’s and ap- 
proaches the- isolated model characteristics. Increas- 
ing free-stream velocity at a fixed ADP rotational 


speed had decreasing effect, on the wing pressures 
and approached the isolated transport, model results. 
(See fig. 24.) 

As previously mentioned, the transport, model 
and ADP configuration with an ADP rotational 
speed of ^8900 rpm was tested at a ss ±2° to de- 
termine sensitivity to angle of attack. The results 
are presented in figure 25. As the angle of attack 
was increased from a a -2° to a « 2°, the lift, and 
drag coefficients increased. 

Effect of ground plane. A ground plane (verti- 
cal wall) was installed in the Langley 14- by 22-Foot. 
Subsonic Tunnel in close proximity to the transport, 
model and ADP setup to determine ground effect. 
The ground plane was located approximately 3.5 in. 
(0.18 nacelle diameter) from the bottom of the ADP 
nacelle. All ground effect tests were performed with 
the ADP located at the slat-to-nacelle gap of 0.38 in. 
(See figs. 6 and 7.) The ground plane was partially 
covered with how visualization tufts and had a single 
longitudinal row of pressure taps near the centerline 
of the ADP. Ground plane pressure data were used to 
determine how conditions over the transport, model 
and ADP and to indicate, along with the tufts, the 
extent, of the ADP reverse-thrust, how held. 

The effect, of the ground plane and windmilling 
ADP on the transport, model aerodynamic co- 
efficients is presented in figure 26. The; effect, of the 
ADP, previously presented in figure 19, is repeated 
in figure 26 for referencfk (The only windmilling 
ADP data available for the TM and ADP configu- 
ration without, the ground plane were for the slat.-t.o- 
nacelle gap of 2.75 in.) The ground plane reduced 
both the lift, and drag coefficients with a proportion- 
ately greater reduction of the latter; lift-drag values 
increased as a result, of the greater effect, on the drag 
coefficient.. 

Ground effects with the ADP powered in reverse 
thrust, at ^8900 rpm are presented in figure 27. The 
ground effect, on the transport, model (TM, ADP, 
and GP ) resulted in increased lift, and drag coeffi- 
cients relative to the configuration for out. of ground 
effect. (TM and ADP). The increase in lift, could de- 
grade airplane braking effectiveness. Note that the 
wing did not. have spoilers deployed, which would be 
a normal condition during runway deceleration; the 
increase in lift, could probably be reduced with wing 
spoilers. The increased drag would improve airplane 
deceleration capability. 

Ground effects on wing pressures are presented in 
figure 28 for the ADP rotational speed of ^7500 rpm 
and /t?ADP — 98.25° with a. free-stream velocity of 
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»90 knots. The ground effect (TM, ADP, and GP 
configuration) resulted in a greater increase in pres- 
sure coefficient at the mid-span station r/ — 0.646 
than at the other two span stations which indicated 
a ground-induced buoyancy. Upper surface pressures 
on the main flap at the inboard station r/ — 0.285 in- 
dicated complete flow separation for both tests with 
the ADP installed. (As a reminder, the pressure dis- 
tributions for the TM and ADP configuration in fig- 
ure 28 were for the ADP at the 2.75-in. slat-to-nacelle 
gap, which as previously discussed, was assumed to 
be representative of the 0.38-in. slat-to-nacelle gap.) 

Effect of ADP rotational speed. The ADP 

rotational speed was varied from ^3750 to 
pa 1 1 200 rpm with the ground plane installed to de- 
termine the effect of reverse-thrust power on trans- 
port model aerodynamic characteristics. Figure 29 
shows the aerodynamic coefficients plotted versus 
free-stream velocity for /^adp — 98.25° and 95° 
and several ADP rotational speeds. In general, as 
ADP rotational speed increased, the effect on aero- 
dynamic characteristics increased relative to the iso- 
lated transport model. Also, as free-stream velocity 
was increased, the ADP reverse-thrust effect was re- 
duced. These results are similar to the tests without 
the ground plane discussed previously. Change of the 
ADP blade angle had a significant effect and will be 
discussed further in the next section. 

The ADP rotational speed and tunnel free-stream 
velocity effects on wing pressures are presented in 
figures 30 and 31, respectively. For a constant free- 
stream velocity, an increased ADP rotational speed 
had an increased effect on wing pressure distribu- 
tions. (See fig. 30.) Pressure distributions ap- 
proached the isolated transport model results for 
low ADP rotational speed. As the ADP rotational 
speed was increased, the wing pressure load was re- 
duced, which correlates with the loss of lift shown in 
figure 29. 

Figure 31 shows the effect of varying tunnel 
free-stream velocity with a constant ADP rotational 
speed. The wing pressure load tends to increase with 
increasing free-stream velocity. As discussed ear- 
lier, the size of the reverse-thrust flow field region 
decreases with increasing free-stream velocity. The 
wing loading is less affected at higher free-stream ve- 
locities for a given ADP rotational speed. Flow sepa- 
ration over most of the wing has occurred near t/ 1>0 = 
30 knots, as shown by the relatively chaotic pressure 
distributions (C p >1). 

Effect of ADP blade angle. The nominal 
reverse-thrust blade angle for the ADP was /^adp — 


98.25°; however, an alternate /^adp — 95° was also 
tested. The effect of the blade angle change on 
transport model aerodynamic performance is pre- 
sented in figure 32. The tests resulted in an appar- 
ent. ADP blade stall at a lower free-stream velocity 
for /^ADP — 95° than for /^adp — 98.25° for an ADP 
rotational speed > 5400 rpm. As the free-stream ve- 
locity is increased, ADP blade stall occurs where the 
transport, model lift, and drag changes from a gradual 
slope to a steep slope; this is followed by a plateau 
region where further increases in free-stream velocity 
produce little change in lift, and drag. Data were not. 
acquired for the ADP at /^adp — 95° and 3750 rpm 
between t/ 1>0 = 30 and 90 knots; as a result., the ADP 
blade stall region could not. be precisely determined. 
In all tests with ADP rotational speed > 3750 rpm, 
/^ADP — 95° resulted in blade stall at a lower free- 
stream velocity than with /^adp — 98.25°. 

Conclusions 

A test, was conducted in the Langley 14- by 22- 
Foot. Subsonic Tunnel to determine the effect, of i lie 1 
reverse-thrust, flow field of a wing-mounted advanced 
ducted propeller on the aerodynamic characteristics 
of a semispan subsonic transport, model. The ad- 
vanced ducted propeller (ADP) model was mounted 
separately in position alongside the wing so that only 
the aerodynamic interference of the ADP affected the 
aerodynamic performance of the transport, model. 
Test, results include an evaluation of ground effect, on 
the transport, model and ADP configuration. Con- 
clusions derived from the subject, investigation are 
summarized below: 

1. The primary effect, of the ADP on the transport, 
model is to reduce lift, and drag. The effect, is 
caused by the reverse-thrust, flow field created 
by the ADP that blocks a portion of the wing 
from the free-stream flow. The reduction in 
lift, and drag is a function of ADP rotational 
speed and free-stream velocity. The reduction in 
lift, and drag increases as ADP rotational speed 
increases at a. given free-stream velocity or as 
free-stream velocity decreases at a given ADP 
rotational speed. 

2. The effect, of the ADP on the transport, model 
aerodynamic characteristics is similar for both in 
ground and out. of ground conditions. 

3. A vertical ground plane is used to determine 
the ground effects on the transport, model and 
ADP configuration. The ground effect, results in 
a beneficial increase in drag and an undesirable 
slight, increase in lift.. 
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The test results form a comprehensive data set 
that supports the application of the ADP engine and 
airplane concept on the next generation of advanced 
subsonic transports. Before this investigation, the 
engine application was predicted to have detrimental 
ground effect characteristics. Ground effect test 


measurements indicated no critical problems and 
were the first step in proving the viability of this 
engine and airplane configuration. 

NASA Langley Research Center 
Hampton, VA 23681-0001 
March 14, 1994 
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Appendix 

Ground Effect Test Procedure and 
Philosophy 

To determine ground effect on the semispan sub- 
sonic transport model, a temporary vertical wall was 
designed, fabricated, and installed in the test section 
of the Langley 14- by 22-Foot Subsonic Tunnel. This 
wall was positioned in close proximity to the trans- 
port model and ADP setup and served as a ground 
plane for the ground effect tests. 

The procedure and philosophy of the ground ef- 
fect tests are summarized below: 

1. Acquire reference performance data for the iso- 
lated transport model condition. Reference dy- 
namic pressures were measured in preselected 
locations in the test section with the isolated 
transport model in place, but before the ground 
plane installation. These measurements as well as 
the corrected free-stream dynamic pressures pro- 
vided target values for setting tunnel conditions 
after the ground plane was installed. The refer- 
ence dynamic pressure measurement location for 
qi selected from previous experience to have mini- 
mal interference from the model and ground plane 
is shown in figure Al. 

2. Determine best ground plane design. Previous 
measurements (ref. 4) have shown that the tun- 
nel has straight flow with little up- or side-flow 
angularity. Therefore, the challenge was to pro- 
vide a ground plane that was insensitive to any 
flow angularity induced by the test setup. The 
selection was a straight-walled ground plane of 
constant thickness with a rounded leading edge. 
(See fig. A2.) The design was also selected for 
its ease of fabrication. A single row of pressure 
taps was installed on the surface of the ground 
plane at a height approximately the same as the 
centerline of the ADP. 

3. Determine mechanism to control free-stream 
velocity. With the ground plane installed, the 
original test section was effectively divided into 
two smaller test sections. A mechanism was re- 
quired to control free-stream velocity along the 
model side of the ground plane. A large flap that 
could be deflected at several angles was attached 
to the tunnel wall and controlled airspeed by in- 
creasing or decreasing flow blockage. A plan view 
of the test section showing the test setup with the 
ground plane installed is presented in figure A3. 

4. Develop philosophy for setting and assessing free- 
stream flow conditions with ground plane in- 
stalled. The wall flap angle was set so that the 


free-stream velocity along the model side of the 
ground plane matched the free-stream velocity 
previously measured for the isolated transport 
model setup. However, no provisions were made 
for measurement or adjustment of the free-stream 
velocity distribution. 

The transport model was initially tested with- 
out the ADP and ground plane to establish baseline 
characteristics of the model and to measure refer- 
ence dynamic pressures. These dynamic pressures 
were used as target values for tests after the ground 
plane was installed. Figure A4 compares the refer- 
ence dynamic pressure with the corrected free-stream 
dynamic pressure. As discussed previously, the free- 
stream dynamic pressure is a calculated value based 
on tunnel calibration constants and transport model 
blockage factors. As shown, the reference dynamic 
pressure correlated well with the free-stream dynamic 
pressure; the dashed line represents a perfect match 
of the dynamic pressures. The correlation some- 
what validates the corrections applied to free-stream 
dynamic pressures for the isolated transport model 
setup with the assumption that the flow is uniform 
throughout the cross-sectional area of the test sec- 
tion. Figure A5 presents the effect of angle of at- 
tack of the transport model on the reference dynamic 
pressure for four tunnel airspeeds. The corrected 
free-stream dynamic pressure was held constant dur- 
ing each test angle of attack. As the model angle 
of attack increased, the reference dynamic pressure 
increased; the percentage change in pressure was ap- 
proximately the same for each of the tunnel test air- 
speeds. Note that tests with the ADP and ground ef- 
fect wall were performed with the model near a — 0°. 

Specifically, the goal of (4) above for setting 
free-stream velocity with the ground plane installed 
was to match the reference and free-stream dynamic 
pressure relationship that existed for the isolated 
transport model shown in figure A4. The wall 
flap provided the variable flow blockage that con- 
trols the reference and free-stream dynamic pressure 
relationship. 

The transport model, ADP, and ground plane 
configuration was tested with two wall flap angles 
of <5 wa ii = 20° and <5 wa u = 25°. Comparison of 
the two conditions is shown in figure A6 and indi- 
cates that the angle <5 wa u = 25° resulted in a slightly 
better correlation of reference and free-stream dy- 
namic pressure than the angle <5 wa u = 20°; the set- 
ting of <5 wa ]i = 25° was used for all ground effect 
tests. Figure A7 shows the effect of ADP rota- 
tional speed on the reference dynamic pressure mea- 
surement; changes in ADP rotational speed from 
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~3750 rpm to sail 200 rpm resulted in negligible 
changes in pressures. 

As mentioned in (4) above, the free-stream ve- 
locity distribution on the model side of the ground 
plane could not be measured or adjusted. The 
ground plane probably caused local variations in free- 
stream velocity. Even though the reference and free- 
stream dynamic pressure relationship was matched 
at the location where the reference dynamic pressure 
was measured, no data were recorded for the free- 
stream velocity distribution after the installation of 
the ground plane. 

Ground plane and tunnel floor flow visualization 
tufts and ground plane surface pressure measure- 
ments were used to determine flow characteristics. 
Several tufts in series were attached to the tunnel 
floor near the leading edge of the ground plane to vi- 
sually assess the free-stream flow angle ; the approx- 
imate location of the tufts is presented in figure A8. 
The position and attitude of the tufts during tunnel 
operation based on visual observations are shown and 
indicate relatively straight flow near the leading edge 
of the ground plane during operation of the tunnel 
and ADP ; tufts on the surface of the ground plane 
indicate attached flow on the ground plane ahead of 
the reverse-thrust flow region. A typical flow pattern 
is shown in figure A9. 

Another measure of flow angularity was the: 
analysis of the pressure measurements taken on 
the symmetrical leading edge of the ground plane. 
Nondimensionalized ground plane surface pressure 
coefficients are presented in figure A10 for two wall 
flap angles £ wa u = 20° and 25°. Values of s signify 
pressure tap distances from the ground plane leading 
edge; positive s indicates the near side (model) and 
negative s indicates the far side (open). 

If the free-stream flow had been perfectly straight, 
pressure distribution over the leading edge of the 
ground plane would have been symmetrical. Note 
that £ wa n = 25° pressure distribution near the lead- 
ing #dge was more symmetrical than that for £ wa n = 
20°. The leading edge stagnation pressure (defined 
as Cp jgp = 1) was not measured because its location 
was between pressure taps (As = 2 in.) From the 
data presented, the setting of £ wa n = 25° provided 
straighter free-stream flow than did <8 wa n — 20° and 
was used for all ground effect tests. 

The static pressures on the ground plane surface 
were referenced to atmospheric pressure and were 
used to calculate the velocity distribution. Because 
the tunnel operates at atmospheric pressure (i.e. , 
Tunnel total pressure = Atmospheric pressure), the 
procedure that follows was used to determine veloci- 


ties over the ground plane. Bernoulli’s principle with 
certain assumptions states that 

Dynamic pressure = Total pressure — Static pressure 

Pressure measurements obtained at the ground plane 
surface were static pressures p s ,gp referenced to at- 
mospheric pressure (total pressure). The pressure 
differential is effectively a dynamic pressure and may 
be expressed as 

— 2gp — Ps , gp — Patm 


2gp — Patm Ps, gp 

Because 



Velocity distributions as determined by the above 
procedure are presented in figure All. (Velocities 
for C p > 1 were set to zero because this condition 
results in calculating the square root of a negative 
number.) The region of s ~ 20 to 60 in., which was 
sufficiently aft of the ground plane leading edge and 
ahead of the reverse-thrust, flow field, was assumed 
to be representative of the free-stream velocity con- 
ditions in the vicinity of the ADP. Velocities deter- 
mined from ground plane pressure measurements in 
this region were within rCO knots of the velocities 
determined from the free-stream and reference dy- 
namic pressures. In conclusion, the free-stream ve- 
locity used to set. tunnel operating conditions was 
representative (within ±10 knots) of the conditions 
near the transport, model and ADP setup. 

Figure A12 presents the effect, of free-stream ve- 
locity and test, setup on ADP windmill speed. Be- 
cause all model and tunnel characteristics were un- 
changed, comparison of ADP windmill speed with 
and without, the ground plane installed is another 
indicator of free-stream velocity differences in the 
vicinity of the ADP. As expected, ADP windmill 
speed increased with increased free-stream velocity. 
Installation of the ground plane reduced the windmill 
speed by «300 rpm. This effect, was possibly due to 
the ground plane boundary layer interacting with the, 
ADP inlet.. Comparison of corresponding velocities 
for each condition at the same ADP rotational speed 
suggests that the ground plane reduced the flow ve- 
locity in the vicinity of the ADP by rCO knots, which 
is in agreement, with results determined from ground 
plane pressure measurements. 
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Concluded. 
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Figure 4. Transport model and simulated wing-mounted ADP test setup with high-lift wing. 
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Figure 19. Windmilling ADP effect on transport model aerodynamic cofficients 
Slat-to-nacelle gap = 2.75 in.; /Lnp = 98.25° a = 0°. 
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Figure 21. Powered ADP reverse-thrust effect on transport model aerodynamic coefficents. 
Slat-to-nacelle gap = 0.38 in.; /? AD/J = 98.25° a= 0°. 
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Figure 22. Aerodynamic coefficient comparison for two ADP waterline locations. p A D p = 98.25° a ~ 0 ( 
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Figure 23. Concluded. 















Figure 27. Groundplane effect on transport model aerodynamic coefficients. Powered ADP; 
ADP speed ~ 8900 rpm; slat-to-nacelle gap = 0.38 in.; p A DP = 98.25° a ~ 0°. 
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(a) p ADP = 98.25°. 

Figure 29. ADP rotational speed effect on transport model aerodynamic coefficients with groundplane installed. 
Slat-to-nacelle gap = 0.38 in.; a~ 0°. 
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Figure 31. Continued. 



Configuration 


Uoo , knots 



o 

Isolated TM 

97 

□ 

TM, ADP, and GP 

30 

O 

TM, ADP, and GP 

60 

A 

TM, ADP, and GP 

91 

h. 

TM, ADP, and GP 

101 

A 

TM, ADP, and GP 

112 

Q 

TM, ADP, and GP 

122 

O 

TM, ADP, and GP 

133 


["+" inside symbols indicates lower surface pressures] 



.5 .6 .7 .8 .9 1.0 0 .25 .50 .75 1.00 0 .5 1.0 

xSe w x/c mf x/c af 

(e) ADP speed = 11 200 rpm. 


Figure 31. Concluded. 
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Figure 32. Continued. 
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Figure 32. Continued. 
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(c) High-lift wing planform. 
Figure 1. Concluded. 
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